BACKGROUND: A 2-stage ovarian cancer screening strategy was evaluated that incorporates change of carbohydrate antigen 125 (CA125) levels over time and age to estimate risk of ovarian cancer. Women with high-risk scores were referred for transvaginal ultrasound (TVS). METHODS: A single-arm, prospective study of postmenopausal women was conducted. Participants underwent an annual CA125 blood test. Based on the Risk of Ovarian Cancer Algorithm (ROCA) result, women were triaged to next annual CA125 test (low risk), repeat CA125 test in 3 months (intermediate risk), or TVS and referral to a gynecologic oncologist (high risk). RESULTS: A total of 4051 women participated over 11 years. The average annual rate of referral to a CA125 test in 3 months was 5.8%, and the average annual referral rate to TVS and review by a gynecologic oncologist was 0.9%. Ten women underwent surgery on the basis of TVS, with 4 invasive ovarian cancers (1 with stage IA disease, 2 with stage IC disease, and 1 with stage IIB disease), 2 ovarian tumors of low malignant potential (both stage IA), 1 endometrial cancer (stage I), and 3 benign ovarian tumors, providing a positive predictive value of 40% (95% confidence interval 5 12.2%, 73.8%) for detecting invasive ovarian cancer. The specificity was 99.9% (95% confidence interval 5 99.7%, 100%). All 4 women with invasive ovarian cancer were enrolled in the study for at least 3 years with lowrisk annual CA125 test values prior to rising CA125 levels. CONCLUSIONS: ROCA followed by TVS demonstrated excellent specificity and positive predictive value in a population of US women at average risk for ovarian cancer. Cancer 2013;000:000-000.
INTRODUCTION
Despite advances in treatment, ovarian cancer remains a highly lethal disease. Some 70% of women with ovarian cancer present at a late stage, when long-term cure rates are less than 30%. When caught at an early stage, survival rates are as high as 75% to 90%. At present, however, there are no proven strategies for the early detection for ovarian cancer.
One of the challenges to developing an effective screening strategy for women in the general population has been the requirement of a very high specificity. Unlike breast cancer screening, in which a biopsy can be performed for definitive diagnosis, ovarian cancer screening requires invasive surgery and removal of the ovaries in order to make a definitive diagnosis. Therefore, any screening strategy for ovarian cancer must minimize false positives in order to decrease the number of unnecessary operations. In postmenopausal women in the United States, the prevalence of ovarian cancer is only 1 in 2500. Given this prevalence, a screening strategy must not only exhibit a high sensitivity of > 75% for asymptomatic early stage disease, but also a very high specificity of > 99.6% to achieve a positive predictive value (PPV) of 10%, ie, 10 operations for each case of ovarian cancer detected, 1 a generally accepted limit for balancing risk with benefit among practitioners and advocates.
Prior studies have demonstrated that using a fixed cutpoint of carbohydrate antigen 125 (CA125) value or an abnormal transvaginal ultrasound (TVS) as a first-line test does not have sufficient specificity to achieve a PPV of 10%. In the Prostate, Lung, Colon, and Ovary (PLCO) trial involving 37,500 postmenopausal women, for example, abnormal CA125 (> 35 U/mL) produced a PPV of 3.7% and TVS was performed in only 1% of women. 2 Both sensitivity and specificity can, however, be improved when a rising CA125 value, often within a normal range, is used to prompt TVS. [3] [4] [5] [6] [7] Rising CA125 values are associated with progressive growth of ovarian cancer, whereas stable CA125 values, even when elevated, are associated with benign conditions. A computer algorithm, called the Risk of Ovarian Cancer Algorithm (ROCA), was developed using data from multiple prospective longitudinal screening trials of postmenopausal women at normal risk for developing ovarian cancer and a statistical model describing the change-point CA125 serial profiles in women subsequently diagnosed with ovarian cancer and the generally flat CA125 serial profiles in all other women. Serial CA125 values from women on that study who developed ovarian cancer as well as those from women who did not develop ovarian cancer were used to develop an algorithm to quantify the risk of a given woman having a change-point (due to ovarian cancer). ROCA measures the relative closeness of the woman's longitudinal CA125 pattern to the change-point profile in ovarian cancer cases from previous trials compared with the flat profiles seen in all other women without ovarian cancer in previous trials. 4, 5 In a small fraction of women whose ROCA score is sufficiently high, TVS is performed as a second step. The purpose of this study was to determine if this 2-step strategy has sufficiently high specificity and PPV for screening postmenopausal women at general population risk in the United States. Women were eligible to participate if they: 1) were between 50 and 74 years old; 2) were postmenopausal, defined as 12 months of amenorrhea; 3) retained at least 1 ovary; and 4) could provide written informed consent. Patients were excluded if they had: 1) a prior bilateral oophorectomy; 2) an active malignancy other than breast cancer within the past 5 years; 3) a previous history of ovarian cancer; or 4) a family history of one or more firstor second-degree relative with breast or ovarian cancer. When relatives had breast cancer, at least one had to have been diagnosed before menopause to exclude participation. Patients receiving hormonal adjuvant therapy for breast cancer were eligible, provided they had no evidence of recurrence for at least 1 year after primary chemotherapy.
MATERIALS AND METHODS
ROCA was originally developed using data from prospective screening trials for postmenopausal women that included more than 22,000 women in the United Kingdom and more than 5000 women in Sweden. Statistical analysis of these data indicated most women without ovarian cancer had a flat CA125 profile, namely, a baseline level individual to each woman around which her CA125 levels fluctuated. In contrast, women with incident cases of ovarian cancer had a baseline level followed by a sharp increase in CA125 values significantly above her baseline, called a change-point CA125 profile, which could not be explained by background CA125 fluctuations. These thousands of profiles form the basis for the ROCA calculation that determines a woman's risk of having ovarian cancer at that time. 4, 5 For each new woman in the study, the probability calculation of ovarian cancer begins with incidence based on her age, and increases the closer her profile is to the change-point profiles compared with the flat profiles. ROCA is recalculated after every additional CA125 value. This systematic method is more efficient than using a single cut-point (eg, 35 U/mL) or an ad hoc rule of thumb, because it incorporates all sources of signal (baseline CA125 level, doubling time) and noise (variation of CA125 baseline levels, variation of baseline levels between women, variation between cases of doubling times) to obtain the most efficient signal/noise ratio, maximizing sensitivity for any level of specificity. cancer score is less than 1 in 2000 (called "normal risk"), the recommendation is for the woman to return for a repeat CA125 in 1 year. For a ROCA risk between 1 in 2000 to 1 in 500 ("intermediate risk"), the recommendation is to return for a repeat CA125 in 3 months. For a ROCA risk of greater than 1 in 500 ("elevated risk"), the recommendation is for a TVS and referral to a gynecologic oncologist. After each additional CA125 value, ROCA is recalculated and a new recommendation is made.
After obtaining informed consent, all patients underwent a baseline CA125 screen and completed a medical history questionnaire. Blood samples were transported on ice, and serum was separated and frozen at 280 C on the same day. Samples were shipped on dry ice and thawed promptly before assays were performed. All CA125 assays were performed at MD Anderson Cancer Center, using the Roche platform. Values were transmitted to the data-coordinating center at Massachusetts General Hospital, where the ROCA was applied and the patient's risk was calculated.
The ROCA score was communicated each time to the participant's recruitment site. Investigators at each study site communicated the risk scores and screening recommendations to the patients. For patients with an elevated risk score, TVS was performed at each of the study sites by an attending radiologist. Using standardized criteria, ovarian morphology was assessed and was considered abnormal if there were cystic and solid areas (complex). Single, thin-walled anechoic cysts with no septa or papillary projections were considered normal.
In addition to the TVS, women with elevated risk scores also had a consultation with a gynecologic oncologist. The decision for surgery was determined by the gynecologic oncologist. Operative and pathology notes were transmitted to the lead site to confirm diagnosis. Central pathology review was conducted at the lead site by a gynecologic pathologist (M.T.D.) to confirm stage, grade, and histology. Specificity (fraction of those patients without ovarian cancer who did not undergo surgery) and PPV (fraction that had ovarian cancer, of those who underwent surgery) were calculated. Annual rates of referral for each of the screening options were calculated. Exact confidence limits were calculated, based on Fisher's exact test for the binomial distribution. The power of this trial will provide precise confidence limits for estimating specificity and an important lower bound on the PPV. A much larger definitive trial is required to provide accurate estimates of sensitivity. Our study was originally designed to draw blood from 1600 to 2300 women per year, yielding 14,602 woman-years of observation (2300 prevalent years and 12,302 incident years). With an annual incidence of ovarian cancer in this postmenopausal population of 45 per 100,000, we expect 8 ovarian cancer cases, enabling us to establish an important 95% confidence interval lower bound for the PPV of 11% assuming similar experience to Jacobs' pilot of 6734 women using ROCA with a PPV of 23%. The definition of specificity for an annual screening program is the proportion of true negatives who test negative per year. Because a gold standard test is not available, we estimate apparent specificity with a defined follow-up time of 1 year. Let D be the number of screening episodes for which a subject has not had a diagnosis of ovarian cancer within 1 year from the beginning of the screening episode. Let E be the number of screening episodes for which a subject does not undergo surgery. For an estimated specificity of 98% and D 5 13,036 screening episodes, we expect E to be 12,776, with 261 women referred to ultrasound, which would give a narrow 95% confidence interval for specificity of (97.76%, 98.24%). This confidence interval clearly excludes 97% specificity, so the sample size is sufficient for obtaining precise estimates of specificity. Given that only 8 cases of ovarian cancer are expected, the lack of a gold standard for 13,036 episodes will have little effect on our estimate of specificity.
RESULTS
From 2001 through 2011, a total of 4060 women were enrolled during the 11-year period. Because 9 women were ineligible due to age restrictions, the final study sample consisted of 4051 participants. The total number of screen years was 16,832 years, with an average number of 4.2 screen years per woman. The median age was 59 years (range, 50-74 years) ( Table 1) . Eighty-two percent of the women were white, 10% were African American, 5% were Hispanic, 3% were Asian, and <1% answered "other." Eighty-seven percent of the study population had ever been pregnant, with a median of 2 pregnancies. Eighty percent had used oral contraceptives for a median of 48 months, and 61% had ever used hormone replacement therapy with median duration of 60 months. Fourteen percent of study participants had a personal history of breast cancer.
The average annual rates and the overall rates for participants being triaged into the normal-risk group (which would require return in 1 year for a CA125 test), the intermediate-risk group (which would require women to repeat their CA125 test in 3 months), and high-risk group (which would require TVS and referral to a gynecologic oncologist) are presented in Table 2 . The average annual rate for triage to the normal-risk group was 93.3%, for the intermediate-risk group was 5.8%, and for the high-risk group was 0.9%. Over the 11-year period, 83.4% of participants remained in the normal-risk category and only had to return for an annual CA125 test. In addition, 13.7% (n 5 556) over the 11-year period had to repeat a CA125 test in 3 months. Finally, 2.9% (n 5 117) were determined to be at high risk by ROCA. Figure 1 summarizes the outcomes for the study population. Patients were classified into normal-risk, intermediate-risk, or high-risk groups based on their most acute ROCA increase in calculation during their participation in the study.
Of the 117 women who were triaged to undergo a TVS and referral to a gynecologic oncologist, 82 women had a normal TVS, 11 had benign ovarian findings, 10 had suspicious ovarian findings, and 14 women did not have a TVS done. Of the 14 women who did not have a TVS: 1) 4 had recurrence of a previously diagnosed cancer; 2) 6 patients declined; 3) 1 patient was unable to undergo TVS due to vaginal stenosis but instead had a transabdominal ultrasound; and 4) in 3 women, TVS were not performed based on the judgment of the physician. Excluding the 4 patients with recurrent cancer, 9 of the remaining 10 women who did not have a TVS did have repeat CA125 measurements 3 months later, which decreased to below the triggering CA125 values, and the tenth woman underwent a TVS off study, the result of which was normal.
All 10 with suspicious ovarian findings on TVS underwent surgery (Table 3) . Three patients had benign cystadenomas, 2 patients had stage I ovarian serous tumors of low malignant potential (LMP), 4 patients had early-stage high-grade invasive ovarian cancers, and 1 patient was ultimately found to have endometrial cancer. In Figure 2 , the CA125 values are plotted over time for the 4 high-grade invasive ovarian cancers. Interestingly, in all 4 of the invasive cases, women had normal, low risk ROCA scores and had been returning for annual CA125 tests for at least 3 years prior to the elevated CA125 values. All 4 invasive cancers were early-stage high-grade ovarian cancers.
Patient number 4 had CA125 values at baseline, year 2, and year 3 of 12 IU/mL, 10 IU/mL, and 11 IU/ mL, respectively (Table 3 and Fig. 2D ). When the CA125 value rose to 18 IU/mL in year 4, the ROCA triaged her as "intermediate risk" and a 3-month repeat CA125 was recommended. The 3-month CA125 was 22 IU/mL, and the ROCA triaged her as "high risk" and recommended a TVS and referral to a gynecologic oncologist. She was completely asymptomatic. Her TVS revealed a complex irregularly shaped ovarian cyst with no septations, measuring 2.5 cm 3 2.4 cm 3 2.8 cm. The gynecologic oncologist and the patient chose to repeat the TVS in 3 months rather than proceed directly to surgery. A follow-up TVS at 3 months later demonstrated a larger cyst measuring 4.6 cm 3 4.0 cm 3 3.6 cm with increased complexity. The CA125 at that time was 21.8 IU/mL. The patient underwent surgery and was found to have a stage IIB high-grade serous ovarian cancer. She received adjuvant carboplatin and paclitaxel chemotherapy and is currently without evidence of disease 42 months after her diagnosis. Patient number 5 had CA125 measurements at baseline, year 3 (she missed year 2), and year 4 of 13 IU/mL, 8 IU/mL, and 8 IU/ mL, respectively (Table 3 and Fig. 2A ). At year 5, her CA125 value rose to 18 IU/mL and the ROCA triaged her as "high risk." The patient had vague abdominal discomfort. Her TVS was normal, and the decision with the consulting gynecologic oncologist was for an immediate computed tomography scan, which was negative. 
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As a result, the recommendation by the gynecologic oncologist was a repeat CA125 and TVS in 3 months. At that time, the patient also underwent a full work-up by a gastroenterologist that included an upper gastrointestinal series. She was diagnosed with Helicobacter pylori infection and placed on antibiotics with improvement. The patient missed her 3-month follow-up for ROCA, and 6 months later returned for CA125 measurement, which was now 170 IU/mL. The TVS at that time demonstrated a 2-cm complex ovarian mass. The patient (Table 3 and Fig. 2C ). In year 4, her CA125 was 340 IU/mL and ROCA triaged her as "high risk." Her TVS demonstrated a complex 5.9 cm 3 6.3 cm 3 4.0 cm ovarian mass and she underwent surgery that revealed a stage IC high-grade mixed endometrioid, mucinous, and clear cell ovarian cancer. She received adjuvant carboplatin and paclitaxel chemotherapy and is currently without evidence of disease 42 months after diagnosis. Patient number 10 had 6 years of annual CA125 values between 11.3 IU/mL and 12.8 IU/mL. In year 7, her CA125 increased to 18.3 IU/mL and ROCA triaged her as "intermediate risk," and she was instructed to repeat a CA125 test in 3 months. The CA125 at the 3-month follow-up was 22.9 IU/mL and ROCA triaged her to "high risk." Her TVS revealed a 8.7 cm 3 6.3 cm 3 6.1 cm complex septated cystic mass. She underwent a total laparoscopic bilateral salpingo-oophorectomy and was found to have a stage IA high-grade serous ovarian cancer. The patient declined chemotherapy and will be followed closely with CA125 levels monitored every 3 months. She is currently no evidence of disease 4 months from her diagnosis. Patient number 8 had a baseline CA125 of 45 IU/ mL, which then elevated to 59 IU/mL 3 months later. ROCA triaged her as "high risk" (Table 3 ). The patient underwent TVS 2 months after her second CA125 test (5 months after her baseline CA125). The TVS demonstrated a right simple ovarian cyst and moderate ascites. The uterus was well visualized with a heterogeneous appearance, and endometrial thickness was 3 mm. One month later, she underwent a laparoscopic bilateral salpingo-oophorectomy. Biopsies of a sigmoid nodule and epiploica were performed. The endocervical canal was dilated in order to accommodate a uterine manipulator. All pathology was negative for malignancy. Several weeks after her surgery, the patient reported vaginal bleeding. An endometrial biopsy revealed a grade 1 endometrial cancer. The patient underwent total laparoscopic hysterectomy and staging procedure 3 months after her laparoscopic salpingo-oophorectomy. The final pathology revealed a grade 1 endometrial adenocarcinoma, negative lymph nodes, and 52% myometrial invasion. The patient was diagnosed with stage IB endometrial cancer and is currently without evidence of disease 24 months from her diagnosis.
Two women were found to have stage I ovarian serous LMP tumors. The TVS for patient number 1 demonstrated an 11.8 cm 3 6.5 cm 3 4.7 cm complex pelvic mass. The TVS for patient number 2 demonstrated a 9.6 cm 3 7.0 cm complex pelvic mass. Both patients underwent surgery and are currently alive and with no evidence of disease. The remaining 3 women who underwent study-directed surgeries were found to have benign cystadenomas.
The specificity for the 2-stage screening strategy was 99.9% (95% confidence interval [CI] 5 99.7%, 100%). The PPV for identifying an invasive ovarian cancer was 40% (95% CI 5 12.2%, 73.8%). The sample size calculations for this study aimed to achieve a minimum lower bound of 11% for the PPV and a CI for specificity that rules out values of 97% or less. Both of these goals were exceeded by this study. This means that no more than 2 to 3 operations were required to detect 1 case of invasive ovarian cancer. If LMP tumors were included, the specificity for the 2-stage screening approach was 99.9% (95% CI 5 99.7, 100%) and the PPV was 60% (95% CI 5 26.2%, 87.8%). The study was not powered to detect sensitivity, however, we know that no cases of invasive ovarian cancer were missed. The health status (changes to participant's medical or cancer history) of participants was updated at screening appointments and through follow-up letters and phone calls with participants 1 year following their last blood test. The last patient accrued on December 31, 2011. Since then, a full year of follow-up has occurred and no cases of invasive ovarian cancer were reported during this time. However, 2 additional LMP cases were not detected by the ROCA algorithm.
DISCUSSION
This single-arm prospective ovarian cancer screening study in postmenopausal women demonstrates that the 2-step screening strategy using CA125 and ROCA calculation, followed by referral of a small number of women to TVS and consultation with a gynecologic oncologist, achieves high specificity with very few false positive results. Given the relatively low prevalence of ovarian cancer in the general population, a screening strategy that minimizes unnecessary operations due to false positive values is crucial.
Interestingly, the specificity in this US trial (99.9%) is very similar to the specificity reported in the United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) at the initial screen, 99.9%. 7 In addition, the PPV in the UKCTOCS initial screen was 35.1% compared with 40% in our study, which greatly exceeds the minimum clinical benchmark of 10%. Even after observing 6 invasive ovarian cancers when 8 were expected (within Poisson variation), the 95% CI's lower bound on PPV is 12%, exceeding the 10% lower acceptable limit the study was powered to achieve. The PPV in our study and in the UKCTOCS initial screen demonstrates that no more than 2 to 3 operations were needed to detect 1 case of invasive ovarian cancer. This contrasts with results of an arm in the UKCTOCS trial that used annual TVS as the primary screen and without CA125 where 36 operations were required to diagnose each case of ovarian cancer. Annual TVS detected a large number of benign pelvic masses that still prompted surgery. Because CA125 rarely continuously rises in the presence of benign disease, use of a 2-stage strategy based on serial CA125 measurements essentially ignores the benign disease and improves specificity. PPV is improved dramatically with this strategy compared to the 3.7% observed with a single abnormal value of CA125 in the PLCO trial. Our study and results of the UKCTOCS study highlight the critical importance of how a biomarker is used.
Importantly, this study also provides insight into incident cases that may be detected using the ROCA 2-stage screening strategy, suggesting that serial CA125 may be adequately sensitive to detect early-stage disease in a fraction of cases. The UKCTOCS study showed 47% of prevalent invasive cases (16 of 34) were stage I or II; however, data on incident cases from that trial have not yet been reported. In our study, all 4 of the incident invasive cancers were stage I or II. Data from our study suggests that incident cases detected through ROCA are likely to be early-stage cancers. This contrasts with the current presentation of ovarian cancer in which more than 75% of women are diagnosed with stage III or IV disease.
Greater sensitivity may relate to the detection of rising CA125 within the normal range, observed in 2 of our 4 invasive cases (Fig. 2) . In addition, patients with an increase relative to their own baseline were recalled in 3 months, rather than in 1 year. Both factors may explain why early-stage disease was detected in our trial and a stage shift was found in the UKCTOCS trial, whereas there was no stage shift or survival advantage in the PLCO trial. 2 We found that the majority of women who participated in the study only had to return on an annual basis for a repeat CA125. Our average annual rate of normal risk ROCA calculation was 93.3%, which is very similar to the 90.9% rate reported in the UKCTOCS initial screen. In addition, we had similar rates for our intermediate risk ROCA category, an average rate of 8.6% in the UK versus 5.8% in this US study. Finally, we have similarly low rates of women being referred for TVS and gynecologic oncology consultation, with a 0.5% in the UKCTOCS initial screen and 0.9% in our study. 7 Thus, using this strategy for ovarian cancer screening in the general postmenopausal population should be cost-effective, because the majority of women would only need to return on an annual basis for a CA125. Less than 1% of women would need to proceed on to undergoing a TVS and referral to a physician.
Although this strategy for ovarian cancer screening in postmenopausal women demonstrates excellent specificity, it is not practice-changing at this time. More definitive data, including sensitivity and the effect of this strategy on decreasing mortality from ovarian cancer, is required. At present, other biomarkers such as HE4, CA72.4, and MMP7 are being studied alone and in combination to evaluate whether they potentially increase sensitivity without decreasing specificity. In the meantime, results of the UKCTOCS study, a large 200,000-woman, prospective, randomized study designed to address sensitivity and mortality from ovarian cancer, will likely be available by 2015. In our study, ROCA identified earlystage incident cases with excellent specificity and highlights the potential for implementing effective strategies for the early detection of ovarian cancer in postmenopausal women.
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